We compare water tunnel experiment and 2D vortex-particle computation for a generalization of the classical problem of flat-plate constant-rate pitch and related motions, at frequencies and Reynolds numbers relevant to Micro Air Vehicle applications. The motivation is problems of maneuvering, perching and gust response. All of the examined flows evince a strong leading edge vortex. Increasing pitch rate tends to tighten the leading edge vortex and to produce a trailing-edge vortex system dominated by a counter-rotating pair. Pitch pivot point location is crucial to the leading edge vortex size and formation history, and to its subsequent behavior in convecting over the airfoil suction-side. Despite the respective limitations of the experiment and computations, agreement in vorticity fields between the two at an overlapping case at Re = 10,000 is good, whence it is possible to use the computation to obtain integrated force data unavailable in the experiment. These were studied for Re= 100 and 1000. Lift prediction from the computation shows a direct proportionality of lift to the pitch rate on the pitch upstroke. Finally, we compare pitch vs. plunge, and find that quasi-steady prediction is reasonably successful in predicting a combined pitch-plunge that effectively cancels the leading edge vortex, but not in canceling the trailing vortex system.
INTRODUCTION
Unsteady aerodynamics in two dimensions remains a critical area for understanding the physical basis of Micro Air Vehicle flight, with applications including perching, gust response, maneuvering flight and flapping wings. The central question concerns the relation between time history of relative motion kinematics and aerodynamic loads production. The maneuver of perching is related to the classical pitch-up problem, where the angle of attack varies fairly quickly over a large amplitude 1 . For all of its complexity, the fully-articulated flapping-wing flight of bats, involving various geometric rotations, translations and planform changes, shows evidence that inviscid and "wake-only" methods can still approximate fairly-well the lift coefficient time-history 2 . The possibility of usefulness of quasi-steady sectional aerodynamic models and strip-theory-type of 3D generalizations for maneuvering insect flight 3 and potential applications to bio-inspired flight vehicles 4 implies a need to validate and to generalize the constituent assumptions using a progress of well-defined abstractions, from simple classical problems to more geometrically-rich cases closer to MAV applications. For geometrically simple problems such as sinusoidally oscillating airfoils, where there is always an acceleration, indications are that at high reduced frequency, noncirculatory effects dominate 5, 29 , thus simplifying the force modeling. This contrasts with the complexity of the dynamic stall problem at more moderate rates 6 . In sum, it would be advantageous in applied problems if full resolution of vortex shedding and the resulting flowfield evolution were not strictly necessary to obtain reasonable accuracy of aerodynamic loads time history.
The problem can be divided into periodic and nonperiodic motions. Periodic motions -typically sinusoidal -are more thoroughly studied 7 , but are more applicable to cruise-type of MAV applications, where one is primarily interested in flapping-wing propulsion. Nonperiodic motions are arguably the richer problem, as there is no forcing function to give a repeatable bulk flowfield response, and because such motions are closer analogues of maneuver and gust interaction. Pitch-ramps of airfoils are perhaps the most oft-studied nonperiodic motion. This was, evidently, a subject of intense interest in the mid 1980's to mid 1990's, for applications to maneuvering fixed-wing manned aircraft. Typically the airfoil was the NACA0012 or 0015, but the Re range was 10 4 to 10 5 -that is, not far removed from MAVs. A brief survey includes the experiments of Graham et al. 8, 9, 10 21 . Typical measurement techniques were flow visualization, such as by dye injection in water; surface pressure measurements and force-balance measurements. For instance, Graham and Yeow 8 visualized the linear pitch-ramp LEV structure in water, at higher angle of attack excursions but lower rates than those presently considered. Shih et al. 22 and Crisler et al. 23 26, 27, 28 . Visbal and Shang 26 , for example, computed in 2D the linear pitch-up of a NACA0015 airfoil at Re = 10 4 , finding that lags between evolution of leading-edge flow separation and the airfoil motion kinematics should increase with increasing reduced frequency.
With the thought that transient problems are more relevant than periodic problems to maneuver and to gust-response, we begin with a simple linear pitch-ramp case. The motion conditions include the range similar to that studied by Visbal and Shang 26 , and continue to much higher reduced rates. The higher rates were of minimal interest for dynamic-stall applications, prior to the advent of MAVs.
The objectives of this paper are to (1) conduct a parameter-study of Reynolds number, pitch pivot point location, reduced frequency and pitch-plunge comparison (the latter to extend sinusoidal pitchplunge comparisons 29, 30 to linear ramps); (2) to mutually-validate a 2D high-resolution computation and a water tunnel experiment, in the sense that the latter is inevitably plagued by tunnel test section wall effects and blockage; and (3) to computationally explore trends in lift coefficient time history for a parameter study of reduced frequency. In departure from most of the above-cited literature, we consider pitch ramp-hold-return, where the plate returns to zero incidence angle, instead of pure pitch ramp-hold. This is motivated by the impression that the return problem has the more complex flowfield transients, and is therefore a richer test case for modeling lift coefficient time histories departing from the simplest abstractions.
EXPERIMENTAL SETUP
Measurements were taken in the U.S. Air Force Research Laboratory Air Vehicles Directorate's "Horizontal Free-surface Water Tunnel" (HFWT), fitted with a two-degree-of-freedom oscillation rig. The HFWT has a 46cm wide by 61cm high and 300cm long test section and speed range of 3-45 cm/s. The HFWT, schematic of the pitch-plunge rig and installation of a typical airfoil model are shown in Figure 1 . Turbulence intensity (u and v components) in the test section as determined from PIV freestream data and confirmed by LDV is estimated at 0.4% at U ∞ = 30-40 cm/s. A surface skimmer plate at the entrance to the test section and a sealed lid of the intake plenum (visible as plywood cover in Figure 1 ) damp sloshing in the tunnel, that could otherwise have been excited as a first-mode shallow water wave, and would have resulted in low-frequency (~0.16 Hz) sinusoidal variation in U ∞ . Models are mounted upside down in the test section, such that the suction-side is towards the glass bottom, accessible to the particle image velocimetry laser.
The pitch-plunge rig consists of a pair of electric linear motors mounted vertically on a plate above the tunnel test section. Each motor actuates a vertical plunge rod, each connecting via a bushing to the test article at a fixed pivot point. Motion trajectory of each plunge rod is programmed independently, such that the desired angle of attack and vertical position time history of the test article are converted to position commands for each linear motor. This allows for single degree-of-freedom motions such as pure-pitch about a prescribed but arbitrary pivot point, or pure-plunge, or a combination with arbitrary phase difference.
The principal scheme of diagnostics in the HFWT is particle image velocimetry. A pair of PCO 4000 11 Mpix cameras 31 is triggered off of an external pulse train derived from the motion rig, thus allowing for selection of motion phase at which to acquire data, and for ensemble-averaging of repeated motions. The scheme for velocity and vorticity calculation is based on the methods derived by Willert and Gharib 32 , and implemented by Jeon 33 ). PIV images were recorded in a field of view near the plate leading edge at 170 pix/cm, and in a field of view covering the near-wake, at 120 pix/cm; the two sets are combined using the pixel coordinates of the model leading or trailing edge as reference. More details of the pitch-plunge rig are given in Ol 34 , while discussion of errors in motion trajectory, PIV and dye injection are given in Ol et al. 35 As a force balance was not available for the present study, we rely on experimental-computational agreement of velocity and vorticity fields to validate the numerical prediction of lift coefficient time history.
COMPUTATIONAL SETUP
The computational approach relies on the viscous vortex particle method (VVPM), which uses a fractional stepping procedure, in which the fluid convection, fluid diffusion, and vorticity creation are treated in separate substeps of each time increment. An advantage of this method over conventional fixed-grid schemes is that the computational elements are convecting particles that automatically adapt to the flow, which obviates the need for expensive mesh regeneration. Also, since the computational elements are vorticity-tagged particles, the scheme is relatively free from dissipation in complicated multi-vortex interactions, as occurs in the near-wake in the presently-considered cases. To save computational cost, and to extend the range of studied Reynolds numbers, the computation focused on Re = 100 and Re = 1000, while the experiments were at Re = 10,000. An overlap case was run at Re = 10,000 for the flat-plate geometry following the experiment, while the remainder of the computations were performed for an elliptical section of 10% thickness.
The details of the algorithm can be found in Eldredge 36 .
RESULTS

Experimental Parameter Study with Dye Injection
The typical motion time history is shown in Figure 2 . "Time" is convective time, or number of chords traveled by the free-stream. The baseline case is pitch about x/c = 0.25 at reduced frequency and Re ~ 10000, from an initial incidence of 0º to a final incidence of 40º. The hold at the top of the ramp motion lasts for a time corresponding to 0.05c free-stream travel. The Starting and stopping transients are smoothed by cubic splines, set for an upper bound of acceleration of 10 m/s 2 . Comparison between commanded and attained plunge rod position shows a maximum deviation of about 0.1mm, corresponding to an angular error of ~0.13º in the plane of the airfoil chord, had the airfoil been a rigid body. However, as mentioned below, the various models suffered from elastic vibrations, resulting in angular excursions at the top and bottom of the pitch stroke, which with present methods can not be reliably quantified.
In this section, a large but rather superficial survey of flows from various motion parameters is presented, in all cases by dye injection from the plate leading or trailing edge at approximately the 3 ⁄ 4span location. In most cases, snapshots of the flowfield are shown when the model is halfway up to its maximum angle of attack; upon reaching maximum angle of attack; halfway on the downstroke; upon returning back to the zero angle; and one ramp's worth of time after returning to the zero angle. These are denoted with black line segments in Figure 2 .
In Figure 3 the pitch ramp-hold-return is examined across a range of reduced frequency from K = 0.1 through 1.4, keeping the pivot point at x/c = 0.25. All cases show a large leading edge vortex, and all show an interaction between the bluff-body-type Karman vortex street prior to motion onset, with the motion-induced trailing vortex system after motion onset. As K increases, the LEV becomes more compact and is better able to retain its integrity as it eventually convects downstream. Higher K means not only stronger vorticity transport into what becomes the LEV, but also that the LEV has had less time to form, and therefore is less advanced at the same snapshot of model position, relative what happens at lower K. Higher K also results in a pair of vortices in the near-wake, aft and below the plate. This is discussed in more detail in Section 2 below. A small vortex is formed upon return to zero angle of incidence. Finally, the eventual convection of the LEV past the trailing edge results in shedding of a trailing-edge vortex of opposite sign, to observe conservation of circulation, en route to return to the flowfield state seen prior to motion onset. As K increases, the strength of this final TEV also increases. But in all cases, return of the wake to its shape before the motion onset occurs 3-4 convective times after motion completion. This can be seen from Figure 4 , which shows the extremes of K = 1.4 and 0.1, with snapshots presented at integer values of convective time after motion cessation. This suggests that the aggregate of flowfield features such as shed vortices convects with the free-stream. Exceptions are vortex-on-vortex interactions, such as in the trailing vortex pair, for the higher reduced frequencies.
These may be responsible for transients in lift and especially in pitching moment -a conjecture whose verification is beyond the scope of the present study.
Returning to Figure 3 , the flowfields for the SD7003 airfoil and flat plate at K = 0.7 are reasonably similar, suggesting that motion-induced effects dominate those of the model cross-section. With its sharper trailing edge, the airfoil has much stronger dye concentration in the trailing vortex system, especially in the vortex shed during the upstroke, but the shape and convective history of the vortex system are similar to the plate's. The plate's LEV is somewhat stronger, more offset from the model suction-side and more coherent in going downstream. It is not clear whether this is due to the difference in the models' leading edge radii or the camber/thickness distributions. Wakes of pitch and plunge are seen to be entirely different, with the latter showing a smooth separation from the trailing edge followed by roll-up into a vortex pair. In the combined pitch-plunge, the flowfield looks similar to that for pure-pitch. Thus pitch-plunge equivalence or cancellation fail completely in regards to the trailing vortex system. On the other hand, the LEV of the plunge is similar in appearance to that of the pitch. And for the combined motion, the LEV is largely vestigial.
As with pitch at K =0.7, plunge for the airfoil vs. the flat-plate have similar flowfields -even more so for plunge than pitch, as in the latter the trailing edge motion is small, and thus the airfoil's sharp trailing edge has less of a role in the overall vorticity production budget. And, as with pitch, in plunge the flat-plate's LEV is somewhat larger than the airfoil's -probably again because of edge radius.
The above comparison of pitch vs. plunge ignores the effect of pitch-rate, which enters the quasisteady expression for C L (t) whenever the pitch pivot point is not x/c = 0.75 37 , and which is increasingly important with larger K. While the present work has not extended to linear ramps the pitch-plunge equivalence based on Theodorsen's formula, as considered by McGowan et al. 29 , the role of pivot-point changes is considered qualitatively. Figure 6 shows 0-40-0 pitch with pivot point locations x/c = 0, 0.25, 0.5, 0.75 and 1.0. With pivot point further aft, the vertical extent of the near-wake becomes smaller. For pitch about x/c = 1.0, the near-wake begins to resemble that of plunge, from Figure 5 . For pivot at x/c = 0.25 and 1.0, dye injection was conducted at both leading and trailing edge, and close agreement between the two implies that the injection method can be deemed to be non-intrusive -or, to be pedantic, equally intrusive. In going towards further-aft pitch pivot point, the LEV on the plate suction-side at peak angle of incidence becomes more concentrated, and during the downstroke the LEV lifts further off of the plate surface. Flow along the vortex axis also becomes stronger, akin to the trailing vortex system reported by Ol for high-frequency sinusoidal pure-plunge 34 . On the plate pressure side, a companion LEV forms for the further-aft pivot point locations. It is subsumed by the suction-side LEV on the downstroke. The larger pressure-side LEV for the further-aft pivot locations stands to reason, as such a motion looks locally to the LE as a pure-plunge, and the "LEV" is the trailing vortex behind a locally plunging plate.
Qualitative vs. Quantitative Flow Visualization, and Comparison with Computation
PIV and dye injection results from the water tunnel are compared in Figure 7 for K = 0.70, and in Figure  8 for K = 0.20. Figure 7 and Figure 8 also include the computed vorticity field at θ = 20º and θ = 40º on the upstroke for K = 0.70 and 0.20, respectively. All results are at Re = 10,000. Computationalexperimental agreement is encouraging, in resolving the leading edge vortex and trailing edge vortex system in both cases. To reiterate, the dye injection is "instantaneous", while the PIV is phase-averaged. Because the premotion Karman shedding is uncorrelated with the pitch-ramp motion, the Karman vortex street so visible in the dye injection is absent in the PIV vorticity contours. Otherwise, the correspondence between concentrations of dye and peaks of vorticity is quite close, in the sense that high-contrast regions of dye nearly coincide with high-amplitude ensemble-averages of vorticity. PIV data consist of 50 pairs, acquired in a sequence where each ramp-hold-return event was separated from the previous event by ~6 convective times (Figure 3 showed return to the pre-motion state after ~4 convective times after conclusion of the motion).
The K = 0.7 case has a counter-rotating vortex pair in the near-wake, just downstream of the trailing edge at motion cessation. It consists of a counter-clockwise vortex formed during the upstroke, and a clockwise vortex in the downstroke. Both vortices are connected by feeding sheets, whose constituents themselves roll up into discrete vortices under self-induction. This structure survives the phase-average without smearing. At the leading edge, there is a dynamic stall vortex system akin to what was observed for high-frequency sinusoidal pitch by McGowan et al 29 .
The K = 0.2 case, in contrast, has a strongly coherent trail of counter-clockwise discrete vortices shed all the way until the model reaches maximum pitch angle. At the top of the pitch stroke, or shortly after downgoing motion commences, a weak vortex of opposite sign is shed.
Trends in Computed Lift Coefficient Time History
With reason to be optimistic about experimental-computational agreement of flowfield vorticity for the flat-plate model at Re ~ 10000, we turn to the computational study of the flat-plate and the related configuration of a thickness-to-chord ratio 0.10 elliptical section at lower Reynolds numbers, for which the computations are easier to perform. We consider the aerodynamic force time history, and in particular lift coefficient. Figure 9 shows the lift coefficient time history for the ramp-hold-return pitch motion for K = 0.2 and 0.7, at Re = 1000, for the flat plate and the ellipse. The two different sectional geometries evince similar trends in lift coefficient, whence one can conjecture that the motion kinematics effects dominate the effect of geometry. Spikes in lift coefficient occur at every region of high acceleration -that is, at the pitch-ramp upstroke onset, at the upstroke conclusion, at the downstroke onset and downstroke conclusion. These are ascribed primarily not to numerical discretization effects but to noncirculatory forces -that is, those proportional to acceleration and arising as pressure gradients on the plate due to accelerating flow, as opposed to bound or shed vorticity. At high reduced frequency noncirculatory loads dominate for motions which are everywhere accelerating, such as in sinusoidal plunge 5 . But linear pitch ramps have zero acceleration, with the acceleration that initiates and terminates the motion confined to short intervals of smoothing transients, either as acceleration upper bounds in the experiment or as smoothing functions in the computation. In the idealization, these accelerations would be delta functions, whence intuitively the noncirculatory load response should also be a delta function. For K = 0.7, there is a sharp drop in lift during the "hold" portion of the motion, while at K = 0.2 the drop is much smaller. Because vortical effects ought to be related to the production, convection and dissipation of vorticity, and the time scales for these processes are presumably longer than the time scale of the hold, which is t/T = 0.05, we conjecture that the cause of the drop in lift coefficient is noncirculatory. On the other hand, circulatory causes -interaction between shed vortices and bound vorticity -are the likely reason for why for K = 0.2 there is residual nonzero lift after the model has returned to zero angle of incidence, while for K = 0.7 the lift coefficient rapidly decays to its steadystate value of zero.
We next consider the elliptical section at Re = 100 and 1000, on just the upstroke and the downstroke portions of the motion time history, at a range of reduced frequencies. Figure 10 shows the results for the upstroke, and Figure 11 for the downstroke, for K from 0.35 to 1.05. Lift is plotted vs. angle of attack, instead of vs. convective time. For the upstroke there is an unmistakable trend in lift coefficient with reduced frequency; indeed, replotting lift coefficient divided by reduced frequency, one obtains nearly full collapse of all lift curves onto the same curve, with the lowest reduced frequency of K = 0.35 as possible outlier. This suggests that as reduced frequency increases, lift becomes a simple function of the angle of attack rate, at least if the noncirculatory effects are not present. However, this simple relationship fails when considering the downstroke (Figure 11 ). Evidently, a kind of memory effect from the upstroke and the hold persists, precluding collapse of the various lift curves onto one curve, if the lift coefficient were to have been normalized by reduced frequency alone. A more elaborate scheme for collapsing the curves onto one curve is possible, but attempts at doing this probably merit a broader parameter study, for example by considering different lengths of hold-time. Figure 10 also gives preliminary information on Reynolds number effects; namely, that there is a slight increase of lift in going from Re = 100 to 1000, likely because the latter's thinner boundary layer leads to formation of stronger vortices, because leading edge and trailing edge pressure gradients would presumably be stronger. At the higher Re the slope of the lift curve with respect to angle of attack is also slightly higher. At Re =1000 the lift curve slope, when normalized by reduced frequency, is large for angle of incidence below ~15º, and tapers off thereafter -albeit there is no discernable stall.
We can begin to better understand the trends in lift coefficient by turning to the computed pressure distribution. These are considered in Figure 12 for the flat-plate at Re = 1000 and K =0.70. Halfway on the upstroke, the upper-side of the plate has a moderate suction, with a suction bump due to the LEV, while the lower side has a stronger overpressure. Note that because pressure coefficient is defined with respect to free-stream speed, and the model motion speed is large, positive pressure coefficient values can greatly exceed the otherwise usual stagnation pressure coefficient value of 1.0. At the end of the upstroke, the LEV suction has increased, the upper-surface suction has moderated further, while the lower-surface overpressure has increased slightly. The small difference in area between the lower and upper pressure coefficient curves is of course commensurate with the gentle increase in lift in going from θ = 20º to θ = 40º. At θ = 20º on the downstroke, the upper surface of the plate now has the overpressure, and the lower surface the suction. The effect of the LEV on the upper-surface pressure is very minor, explaining why the instantaneous value of lift is strongly negative, despite a vorticity field resembling strongly-lifting dynamic stall.
It remains to extend the computational results to the higher Reynolds numbers in the water tunnel experiment, and in turn to measure lift directly in the experiment. It would also be useful to consider large smoothing transients and concomitant large duty cycles of accelerated motion, to further elucidate the role of noncirculatory forces. 
CONCLUSION
A broad range of pitch-ramp-return cases for a flat plate with round edges and for a t/c = 0.10 elliptical section have been considered for a candidate database for modeling the unsteady lift production for Micro Air Vehicles and related applications. Shed vortices generally convect with the freestream velocity, and the flowfield returns to the pre-motion state about 4 convective times after motion cessation. If the pitch pivot point is further aft, leading edge vortex formation on the plate suction-side is delayed, while a leading-edge vortex forms on the pressure-side. Increasing reduced frequency leads to a tighter, more coherent leading edge vortex, which lifts off further from the airfoil suction side; and to a stronger trailing edge vortex system, which rolls up into a counter-rotating vortex pair. Presumably, the two effects combine to yield a trend in lift coefficient time history vs. reduced frequency, which was explored computationally. A 2D high-resolution computation showed good agreement with experiment at Re = 10,000 for the flat-plate section, and was used to compute lift coefficient time history for Re = 100 and 1000 for the flat plate and ellipse -that is, in the Re-range where use of computations for parameter studies is tractable. On the upstroke, in the traditional sense of a pitch-ramp study, lift coefficient normalized by reduced frequency collapsed to essentially one curve, for reduced frequencies larger than ~0. 35 . This is encouraging for construction of simple engineering-level models for flappingwing performance or gust-response for MAVs. On the downstroke, however, no such simple collapse was obtained, as the vortex shedding events from the upstroke have a lingering effect on the lift time history during the downstroke. Noncirculatory effects -that is, those due to the plate's acceleration, rather than shed or bound vorticity -were seen as sharp, narrow spikes. It remains to consider more complex motion profiles, intermediate between sinusoids and linear ramps, to explore the relation between circulatory and noncirculatory lift, as functions of reduced frequency. 
